The ability of gellan gum-immobilised cells of the heavy metal-tolerant bacterium Alcaligenes sp. AQ05-001 to utilise both heavy metal-free and heavy metal-polluted feathers (HMPFs) as substrates to produce keratinase enzyme was studied. Optimisation of the media pH, incubation temperature and immobilisation parameters (bead size, bead number, gellan gum concentration) was determined for the best possible production of keratinase using the one-factor-at-a-time technique. The results showed that the immobilised cells could tolerate a broader range of heavy metal concentrations and produced higher keratinase activity at a gellan gum concentration of 0.8% (w/v), a bead size of 3 mm, bead number of 250, pH of 8 and temperature of 30 °C. The entrapped bacterium was used repeatedly for ten cycles to produce keratinase using feathers polluted with 25 ppm of Co, Cu and Ag as substrates without the need for desorption. However, its inability to tolerate/utilise feathers polluted with Hg, Pb, and Zn above 5 ppm, and Ag and Cd above 10 ppm resulted in a considerable decrease in keratinase production. Furthermore, the immobilised cells could retain approximately 95% of their keratinase production capacity when 5 ppm of Co, Cu, and Ag, and 10 ppm of As and Cd were used to pollute feathers. When the feathers containing a mixture of Ag, Co, and Cu at 25 ppm each and Hg, Ni, Pb, and Zn at 5 ppm each were used as substrates, the immobilised cells maintained their operational stability and biological activity (keratinase production) at the end of 3rd and 4th cycles, respectively. The study indicates that HMPF can be effectively utilised as a substrate by the immobilised-cell system of Alcaligenes sp. AQ05-001 for the semi-continuous production of keratinase enzyme.
Introduction
Advances in biotechnology have enabled scientists in the field of bioremediation and biotransformation to use a large amount of feather wastes generated from slaughterhouses for other purposes. Apart from their application as a source of important peptides in animal feed formulation and as a substrate for keratin-degrading microorganisms in the production of industrially important keratinase enzyme, they are now being used as cheap biosorption materials in the removal of heavy metals from polluted water (Al-Asheh et al. 2003; Gavrilescu 2004; Parrado et al. 2014 ). Bioremediation, an environmentally friendly technique where microorganisms are used in the degradation/transformation of feathers has replaced the conventional method of feather disposal that uses chemical, heat and land-filling methods that add to environmental pollution (Taskin et al. 2011; Lima de Silva et al. 2012; Al-Musallam et al. 2013; Mazotto et al. 2013) .
Compared with other biosorption means of removing heavy metal from water, the use of raw and chemically treated feathers has been reported to possess a high capacity to remove different heavy metals from water surfaces (Al-Asheh et al. 2003; Eslahi et al. 2013) . Thus, secondary feather waste laden with different amount of heavy metals is generated, unfortunately polluting the environment more than primary feathers due to the heavy metals they contain. The toxicity of heavy metals to many feather-degrading microbes (FDMs) has resulted in very slow or unsatisfactory degradation of heavy metal-polluted feathers (HMPFs). However, these HMPFs are often disposed using environmentally unfriendly methods, such as incineration and land filling, but no study, thus far, has attempted to search for microorganisms that possess two characteristics of heavy metal tolerance as well as keratin-degrading ability to degrade HMPFs in an eco-friendly way. Hence, we assume the combination of the ability of microbes to tolerate the toxicity of the adsorbed heavy metals and ability to carry out the keratinolytic process will be needed to degrade the large volume of HMPFs accumulated over time.
Previous studies have indicated that microbes resident in environments contaminated with heavy metals tend to adapt to the toxicity of heavy metals through the development or acquisition of a genetic system that will confer different mechanisms of resistance to heavy metal toxicity (Ng et al. 2012 ). In our fundamental effort to achieve excellent bioremediation of HMPFs, our laboratory has isolated many heavy metal-tolerant bacteria from heavy metal-rich soils where feathers are dumped, but only few could, in addition to tolerance to heavy metals, degrade feathers effectively. Free cells of two strains, Bacillus sp. Khayat and Alcaligenes sp. AQ05-001, showed excellent performance in degrading HMPFs (Yusuf et al. 2015 (Yusuf et al. , 2016 . However, due to some limitations, such as a slow growth rate, low keratinase yield and poor feather degradation, encountered when free living cells of Alcaligenes sp. AQ05-001 were applied in biodegradation of HMPFs, an attempt was made to immobilise the whole cells of the bacteria to improve the process of keratinase production.
A promising immobilisation technique that has gained increasing attention recently is cell entrapment (Bibi et al. 2015; Ibrahim et al. 2016; Mohanty and Jena 2017; Karamba et al. 2017) . Many immobilised FDMs have been successfully used in the production of keratinase that is highly necessary in the biodegradation and biotransformation of heavy metal-free feather wastes (Prakash et al. 2010; Shrinavas et al. 2012) . Immobilised cells present specific advantages over free cells, such as (1) operational stability, (2) high cell retention capacity, (3) reusability, (4) high efficiency of catalysis (Adinarayana et al. 2005 ) and (5) use as a sorbent agent (Gavrilescu 2004) . Several studies have examined using immobilisation carriers, such as agar, alginate with or without microbes to remove heavy metals, or dyes to degrade heavy metal-free feathers (HMFFs), but studies on the use of gellan gum as a carrier matrix remains inadequate despite their advantages over others. Some of its advantages include non-toxicity, a wide pH stability range (2-10), and high mechanical and thermal stability (Moslemy et al. 2003) .
Thus, in this study, gellan gum was selected as a carrier for cell immobilisation, and a previously isolated heavy metal-tolerant feather-degrading strain was immobilised in gellan gum to utilise HMPFs as a substrate to produce keratinase. We aimed to investigate the following: (1) the preparation of gellan gum-immobilised Alcaligenes sp. AQ05-001; (2) optimisation of the conditions affecting the immobilised cells; (3) the capability of immobilised AQ05-001 to utilise HMPFs; and (4) the tolerance level of immobilised AQ05-001 to different concentrations of heavy metals.
Materials and methods

Chemicals and feathers
Gellan gum, heavy metal stock solutions and other analytical grade chemicals were obtained unless otherwise stated from Sigma-Aldrich Corporation, USA. In the current study, the azokeratin used for the keratinase assay was prepared in our laboratory from scissor-cut white chicken feathers according to the procedure described by Joshi et al. (2007) . The azokeratin had been air dried and further cut into size ranging between 0.6 and 0.85 mm before use.
Heavy metal-free feathers were collected from local markets, farms and slaughterhouses in Selangor, Malaysia. All feathers were washed using detergent, rinsed off several times with distilled water and dried to constant weight in an oven at 50 °C (Fakhfakh-Zouari et al. 2010) . Feathers of relatively equal sizes and weight were used.
Microorganisms and culture conditions
The heavy metal-tolerant feather-degrading bacterium Alcaligenes sp. AQ05-001 was isolated from feather dumpsites in Johor Bahru, Malaysia (Yusuf et al. 2016) . Cell suspensions of Alcaligenes sp. AQ05-001 were diluted in sterile normal saline to an optical density of 1.00 at 600 nm and were used to inoculate 100 mL of feather meal broth (FMB) containing 10.0 g/L of feather, 0.5 g/L of NaCl, 0.7 g/L of K 2 HPO 4 , 1.4 g/L of KH 2 PO 4 , and 0.001 g/L of MgSO 4 ·6H 2 O pH 7.5 as described by Tork et al. (2010) . Incubation was carried out using an orbital shaker at 150 rpm at 25 °C. At the appropriate time interval, two flasks were withdrawn, and their contents were used for the keratinase and feather degradation assays. Crude keratinase was obtained by centrifuging 5 mL of the FMB at 10,000×g, 4 °C for 10 min. The supernatant was filtered through a 0.45-µm membrane and was stored at − 20 °C until ready for use in enzyme assays.
Immobilisation of the AQ05-001 strain on gellan gum
Two litres volume culture of Alcaligenes sp. AQ05-001 was created using nutrient broth (NB) in a flat-bottomed flask under forced aeration for 3 days at 25 °C. After incubation, the AQ05-001 cells in NB were harvested by centrifugation at 10,000×g, 4 °C for 10 min. The pellets obtained were washed three times with sterilised saline and were re-centrifuged to obtain the washed pellets.
The pellets of Alcaligenes sp. AQ05-001 were immobilised in gellan gum for use in the batch degradation of feathers and keratinase production, as described previously by Ahmad et al. (2012) . Briefly, 0.75% (w/v) of gellan gum powder was suspended in 100 mL of deionised water and was heated to 75 °C on a hot plate to completely dissolve the gum. Thereafter, 0.06% (w/v) calcium chloride (CaCl 2 ) (Fischer scientific) was added to the gum suspension and was allowed to slowly cool down to 45 °C. The pH of the Gum + CaCl 2 suspension was adjusted to pH 7.0 using 0.1 M NaOH solutions. Next, 3.5 g (w/v) pellets of Alcaligenes sp. AQ05-001 were added to the gum + CaCl 2 mixture and were continuously stirred until thoroughly mixed. Beads were formed using a peristaltic pump and then were dropped into canola oil containing 0.1% Span 80. The oil was carefully decanted into a separate container, and the beads were then added to 500 mL of 0.1% (w/v) CaCl 2 and placed in a refrigerator for 2 h. The beads were then rinsed repeatedly with 0.1% (v/v) Tween 80 solution and stored in a chiller (4 °C) until ready for use.
Preparation of heavy metal-polluted feathers (HMPFs)
Different concentrations of nine different heavy metals such as arsenic (As), cadmium (Cd), cobalt (Co), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), silver (Ag) and zinc (Zn) were prepared from their 1,000 ppm stock solutions by diluting to an appropriate initial concentration in FMB prepared with deionised water (Kar and Misra 2004) . The optimum pH for the absorption of each heavy metal by 0.5 g of feathers was first determined in 100 mL of FMB by comparing the final dry weight of feathers placed in FMB pH 7.5 with and without heavy metals after 36 h of constant shaking at 150 rpm and 25 °C. The pH was adjusted to between 4 and 10 using HCl (100 mmol/dm 3 ) and NaOH (100 mmol/dm 3 ) solutions, and care was taken not to exceed the precipitation pH of each metal. The HMPFs harvested were dried in an oven at 50 °C for 30 min, were adequately labelled and were stored in a refrigerator until further use. The analysis of different heavy metals adsorbed by the feather was further confirmed using atomic absorption spectrometry (AAS) after nitric acid digestion.
Batch experiments with immobilised cells
The ability of immobilised AQ05-001 to utilise HMFFs and HMPFs as substrates to produce keratinase was conducted as follows: 250 beads of gellan gum-immobilised AQ05-001 were added into a 250-mL Erlenmeyer flask containing 100 mL of FMB pH 7.5 containing 10% (w/v) HMFFs or HMPFs (with the appropriate heavy metal concentration). Control flasks contained the following: (1) HMFFs or HMPFs alone without bacteria/or with empty gellan gum beads; (2) HMFFs or HMPFs and 5% (v/v) free cells of the AQ05-001 strain. At the end of 36 h of incubation on a rotary shaker at 150 rpm, the feather-degrading ability (FDA) of free and immobilised AQ05-001 on HMFFs/ HMPFs and keratinase activities (KAs) were determined and compared.
Optimisation of immobilised cell performance
To enhance FDA or utilisation of HMPFs as a substrate by immobilised AQ05-001, factors such as pH, temperature, gellan gum concentration, bead size and number that are known to affect keratinase production were optimised. The temperature (range 20-50 °C), pH (range 6.5-10), gellan gum concentration (range 0.65-0.9% w/v), bead size (range 1-6 mm in diameter) and bead number (range 50-400) were optimised using a one-factor-at-a-time approach (Ahmad et al. 2012) . Optimisation experiments were also carried out in batches as described above.
Heavy metal tolerance studies
The influence of different heavy metal concentrations such as 0, 1, 5, 10, 15, 20, 25 and 30 ppm on the ability of the immobilised AQ05-001 to degrade feather and produce keratinase was studied. Additionally, the influence of the mixture of heavy metals to which the immobilised cells have a relatively similar tolerance level was determined. Control flasks were set up as previously described, and the tolerance level to each heavy metal at different concentrations was determined. The level of tolerance of the immobilised AQ05-001 to each heavy metal at a particular concentration was based on the percentage of feather degraded and amount of keratinase produced by the immobilised cells at the end of 36 h of incubation in an optimised FMB compared with the control flask experiment containing no heavy metal. The levels of non-tolerance (A), tolerance (T), and highly tolerance (H) are shown in Table 1 .
Repeated degradation of HMPFs
The repeated degradation of HMPFs through keratinase production by the same beads of immobilised AQ05-001 was also assessed in optimised FMB containing 10% (w/v) feathers polluted with different concentrations of heavy metals. The immobilised cells were placed into a 100 mL FMB containing 10% HMPFs and were incubated on a rotary shaker for 24 h. After 24 h of shaking, the FMB was decanted, and immobilised cells were washed with sterile water before being transferred to fresh FMB-containing 10% HMPFs.
Analytical analysis
At a defined time of cultivation, aliquots of culture broth were taken aseptically, and KA was determined using azokeratin as a substrate as described by Joshi et al. (2007) . Feather degradations were quantified by subtracting the final weight of a feather in the test from the final weight of the feather from the control as described by Jeong et al. (2010) and Yusuf et al. (2016) . Feather remnants at the end of the incubation period were filtered from the hydrolysates using a well-dried Whatman no. 1 filter paper. Bacteria and protein remaining on the feathers were removed by gentle washing with distilled water. The feathers were then dried in an oven at 60 °C to obtain a constant weight. Percentage of degradation was calculated using the equation:
where X = final weight of feather, Z x = final weight of filter paper, Y = initial weight of feather, and Z y = initial weight of filter paper.
Statistical analysis
A completely randomised design was used throughout this study. All experiments were run in triplicates. The means and standard deviations (SD) were then determined from the triplicate samples at each time to check for errors and variation among the triplicate samples, and the values are represented as the means ± SD. Differences in the rate of degradation and keratinase production under different conditions between the groups were analysed by Student's t test and one-way analysis of variance (ANOVA) at the 95% confidence level using the Minitab (version 16) software
package (State College, Pennsylvania). Tukey's post hoc analysis after ANOVA was used to check the differences in keratinase production and feather degradation under the influence of different heavy metals.
Results and discussion
Comparing the feather-degrading ability (FDA) of free and immobilised cells of Alcaligenes sp.
AQ05-001 on HMFFs and HMPFs
In our previous study (Yusuf et al. 2016) , the isolation, selection and characterisation of the heavy metal-tolerant bacterium Alcaligenes sp. AQ05-001 was described. (Fig. 1b) and only produced 86.9 U/mL of keratinase at the end of 36 h of incubation. Although the number of cells in FMB containing free-living and immobilised AQ05-001 was relatively equal, there was a marked difference (p < 0.05) in terms of feather degradation between free and immobilised cells. The faster degradation of feathers by immobilised AQ05-001 may have resulted due to modification of key metabolic features of the entrapped cells, such as cell growth (Moslemy et al. 2002) . The immobilised cells may generate concentration gradients that enable them to easily adapt to a new environment, thereby significantly reducing their lag phase. However, in free cells, there is a need for gradual adaptation to a new environment to build up a reasonable cell mass, possibly explaining the low degradation rate observed compared with immobilised cells (Wilson and Bradley 1997) . However, in the presence of 1 ppm of different heavy metals in 100 mL of FMB, the KA and FDA of the immobilised AQ05-001 were markedly increased compared with those of free cells (Fig. 2) . This indicated that KA was affected to a varying level by different heavy metals at lower concentrations of 1 ppm and that immobilised cells can withstand different heavy metal toxicity to degrade feathers in the FMB. At this stage, it is unclear whether the gellan gum also possesses the ability to absorb heavy metals from the FMB that may have enabled the bacteria to degrade the feathers and produced high keratinase activity. It was reported that immobilising matrices, such as alginate, agar-agar and k-carrageen, can absorb certain heavy metals from aqueous solutions (Pires et al. 2011 ).
Optimisation of pH and incubation temperature were then carried out to enhance the KA and FDA of immobilised cells. The experiment was conducted compared with free cells. At an optimum medium pH of 8 and 30 °C incubation temperature, both free and immobilised cells of strain AQ05-001 showed improved KA and FDA, showing that the duo conditions favoured the bacterium in both forms at the end of 36 h (Fig. 3) .
Optimisation of immobilised conditions
The concentration of gellan gum used in the preparation of immobilised cells as well as the number of beads and sizes were then optimised using the optimised FMB. An enhanced KA and a faster feather degradation rate were (Fig. 4a-c) . The gum concentration of 0.8% (w/v) has improved the mechanical strength and pore size of the beads, in turn affecting the diffusion of the substrates in and out of the beads and affecting cell leakage. This is because, at this concentration of gellan gum, the beads could withstand shaking at a high speed (300 rpm) for 24 h, unlike, at 0.7%, where the beads disintegrated at the same speed in less than 12 h. Furthermore, the activity of immobilised cells was significantly (p < 0.05) decreased at gum concentrations under 0.7% and above 0.8% (Fig. 4a) . This can be explained by a low gellan gum concentration resulting in fragile beads while a high concentration above 0.8% may block feather and keratinase diffusion in and out of the beads (Ahmad et al. 2012) . The effect of the numbers of 3-mm-sized beads on feather degradation and the keratinase yield by the immobilised bacteria showed that 250-300 beads resulted in faster degradation and higher KA (Fig. 4b, c) . However, at lower and higher bead numbers, the FDA and KA were reduced. This may be due to the role that cell density plays in feather degradation. Low concentrations have the less bacterial mass to do the job, and a higher cell density leads to a greater demand for oxygen and nutrients (Ahmad et al. 2012) . Under these conditions, complete degradation of 10% (w/v) of HMFFs and HMPFs (Ag) was completed at 24 and 36 h, respectively (Fig. 5) . Interestingly, all the polluted feathers, including the highly recalcitrant rachises, were degraded with the highest keratinase activities of 118 ± 2.3 U/mL at 24 h in immobilised cells (Fig. 5) .
Feather degradation is catalysed by extracellular keratinase, a proteinase enzyme induced by feather keratin. Enhancement of KA is believed to be caused by some heavy metals in FMB. However, the immobilisation tends to improve the stability of keratinase by retaining them in their natural surroundings during immobilisation and subsequent operations (Kar and Misra 2004) . Furthermore, the gellan gum might have also played a role in protecting the bacterial cells and keratinase against the toxic effects of heavy metals that, in both cases, can further increases the degradation capability of immobilised cells.
Absorption of different heavy metals by feathers in FMB
Earlier literature has shown a relationship between the media pH and sorption of different heavy metals by different sorbent materials (Guo et al. 2010) . In this study, the same feather has different absorption capacities for different heavy metals at different pH values. Feathers absorbed 5 ppm of As, Co, Cu, Pb, Ni, Ag and Zn from the optimised FMB more effectively between pH 7 and 8 (Tables 2, 3 ). This finding suggests that the sorption of these heavy metals is preferred at neutral to slight alkaline pH and agrees with the findings of Al-Asheh et al. (2003) that feather biosorption of Cu and Zn is highest in alkaline media. However, Cd and Hg were better absorbed between pH 4 and 6, which is acidic.
It was interesting to observe that the colouration of some FMB occurred when some heavy metals were added and that disappeared after 18 h of shaking on an orbital shaker. However, the coloured FMB remained in the control flask containing no feathers, indicating progression in the absorption of the heavy metals by the feathers. No significance difference (p > 0.05) was found in the net gain in the weight Table 2 may be due to their relatively high molecular weight compared with the others. A similar observation has been previously reported by Kar and Misra (2004) . Although the mechanism of absorption in this study is not known, it was documented that heavy metal absorption by keratin-containing materials, such as feathers, may occur either by physiosorption, chemiosorption, or their combination (Kar and Misra 2004) . While the former occurs through the trapping of metal ions into networks of porous fibres in the feather, the latter occurs by the binding of heavy metal ions to carboxylic-binding sites of the keratin-containing materials.
Degradation of HMPFs by immobilised cells
Approximately 10% (w/v) of dried HMPFs containing different concentrations of heavy metals were used as the source of substrate in the preparation of FMB. Approximately 250 beads of immobilised AQ05-001 were then introduced into 100 mL of FMB, and their ability to degrade the HMPFs was determined after 24 h of incubation. A control flask was setup containing 10% (w/v) HMFFs in 100 mL of FMB pH 8 and was inoculated with 250 beads of immobilised AQ05-001. The results obtained clearly indicated that immobilised AQ05-001 effectively degraded HMPFs completely to fragile fibres in most of the flasks, while HMPFs in FMB inoculated with a control strain remained intact after 36 h of incubation except in flasks containing HMFFs. Similarly, there was a high rise in keratinase activity in FMB containing HMPFs at varying concentrations compared with that in FMB containing HMFFs as shown in Table 4 . The FDA of the immobilised bacterium toward different HMPFs depends on the metal type and concentration. Ag, Co and Cu are highly tolerated (H) by the immobilised cells at a 5 ppm concentration. However, others including highly toxic Hg and Pb were rated T at 5 ppm each. Factors such as the nature and type of microbe, site and pollution level at the site of isolation were indicated as possible reasons for the varying level of resistance of different bacteria within the same species or genera to different heavy metals (Hassen et al. 1998) . Although the strains of Alcaligenes are known to resist heavy metals and multiple antibiotics (Silver and Phung 1996) , the strain is strange in the field of feather degradation and keratinase production.
Above 5 ppm, the immobilised cells could not tolerate the pollution stress of Hg and Pb, and a drastic drop in the tolerance level to A was recorded. By contrast, the immobilised AQ05-001 better tolerated Ag and Co pollution at concentrations of 20-30 ppm, with a feather degradation rate above 90%. An increase in the concentration of Cd and As from 10 to 15 ppm did not yield any significant difference in the FDA and KA by the immobilised cells. Our finding regarding the tolerance level of the bacterium to multiple metals, such as Ag, Co, Cu, Hg and Cd, are in line with previous finding where Gram-negative bacteria, such as Alcaligenes sp. AQ05-001, were reported to tolerate heavy metals more than Gram-positive bacteria (Lima de Silva et al. 2012) . 
Repeated use of immobilised AQ05-001 in the degradation of HMPFs
To investigate the ability of immobilised AQ05-001 in the continuous production of keratinase using HMPFs as a substrate, 250 beads were used in batch culture repeatedly with each cycle taking 24 h. The result showed that immobilised AQ05-001 could degrade more than 90% of HMPFs in most FMB for several cycles (Fig. 6) . The rate of degradation of feathers laden with 5-30 ppm Ag, Co and Cu fluctuated between 91% and 98% in the first six cycles after which a slight decline to 78% was observed from eight to ten cycles. Achieving high FDA at early cycles indicates that immobilised cells adapted faster to the toxic environment. By contrast, in the presence of Pb, Zn and Hg, FDA was slower at the first and second cycles (54%) and then increased to 74-80% at the 4th and 6th cycles, suggesting that the immobilised cells were unstable at the initial stage of the incubation. From previous studies, the continuous use of plain immobilised gel or immobilised dead cells in the removal of heavy metals from aqueous solution will require desorption with mineral acid to prevent the beads from being saturated (Rani et al. 2010) . However, in this study, immobilised AQ05-001 was used continuously for up to ten cycles in some cases to produce keratinase from feathers polluted with 20-30 ppm of Ag, Co and Cu without the need for desorption. It is noteworthy that immobilised cells that failed to degrade HMPFs containing a higher concentration of heavy metals, such as Hg and Pb, were used in the degradation of feathers laden with other heavy metals for several cycles without desorption. However, this finding indicates that, at a higher concentration, the metal only affects the keratinolytic process temporarily and that the active participation of the immobilised cells in metal adsorption is minimal (Pandey et al. 2007 ). Immobilised cells of Synechococcus were used for only six cycles to adsorb Pb in a column that is lower than that with this bacterium (Korkmaz et al. 2004) . The stability of beads in FMBs containing most types of HMPFs remained intact throughout the reuse experiment except for FMB containing feathers laden with Cd, Zn and Pb, where a decrease in the size of beads after the 4th cycle was noticed.
The strain may have possessed multiple resistances to many heavy metals because of changes that might have occurred in its physiological or molecular characteristics over a long time in the heavy metal-contaminated site where it was isolated (Lima de Silva et al. 2012) . The multiple high-level heavy metal resistances by this strain were relatively similar to that reported in Alcaligenes eutrophus CH34, which is resistant to high levels of Cd, Co, Cr, Cu, Hg, Ni, Ti and Zn. Multiple resistances of strain CH34 to Co, Cd, Ni and Zn have been related to its ability to harbour two mega plasmids (pMOL28 and pMOL30) that carry the cnr operon and czc operons, respectively, which function based on an efflux mechanism (Collard et al. 1994) .
Continuous dissolution of feathers polluted with certain heavy metals for up to ten cycles with a resultant yield of a high concentration of keratinase as observed in this study may be of industrial importance. The direct usefulness of the hydrolysates produced following the degradation of such HMPFs cannot be ascertained presently because the heavy metal remnant in the protein hydrolysates was not determined. However, through scale-up, the large tonnes of HMPFs generated when used to adsorb heavy metals from water can serve as a source of industrially valuable keratinase, especially when immobilised AQ05-001 is used.
Degradation of feathers polluted with mixture of heavy metals
Experiments were performed on two, three, four and five different combinations of heavy metals. The combination was based on the relative closeness of optimum sorption pH and tolerance level of individual heavy metals to immobilised cells. Immobilised AQ05-001 was then used to degrade feathers polluted with a mixture of heavy metals at different concentrations in batches, and aliquots from the resulting hydrolysates were analysed for keratinase activity (Table 5) . 
Number of cycles
The results showed that immobilised AQ05-001 effectively degraded feathers polluted with different concentrations of the combinations of As/Cd, Ag/Co/Cu and As/Ag/ Cd/Co/Cu with an average reduction in the feather mass from 87 to 100%. It can be inferred from these results that the immobilised cells still maintain their FDA and keratinolytic activity in the presence of high heavy metal pollution. Additionally, some immobilised cells were reused in a continuous batch for several cycles. Feathers polluted with 10 and 20 ppm each of Ag, Co and Cu were completely degraded in a continuous batch up to eight cycles without desorption. However, when the concentration was increased to 30 ppm each, making a total of 90 ppm, there was a drastic reduction in feather degradation to 55% even when the incubation period was extended to 36 h, but the beads were still used for three cycles to achieve an average of 40% degradation.
Conclusion
The ability of immobilised Alcaligenes sp. AQ05-001 to utilise feathers laden with different types and concentrations of a single heavy metals or a mixture of heavy metals, to produce a high amount of keratinase despite their cell or enzyme inhibition properties, indicates its potential usage in the production of an industrially important keratinase enzyme similar to that using unpolluted feathers. 
